This paper deals in general with fabrics consisting of bicomponent fibers that are fractured/fibrillated and bonded using mechanical and
INTRODUCTION
The rapid progress in nonwoven technology has given rise to nonwoven fabrics that are more often used in everyday life. It is common to see filters, personal care and automotive products, etc. on supermarket shelves and new products appear on a daily basis.
With recent developments, special attention is paid to the nonwovens containing micro-size fibers. The nonwoven substrates with micro-fibers are capable of capturing particles of different sizes as well as chemicals. The available surfaces can also be employed for printing purposes [1] [2] [3] [4] [5] [6] [7] [8] . Micro-fibers are not new. A simple search in Google TM resulted in over 11 million hits. Micro-denier fibers are found in cleaning products, in towels, and suede products.
There are several technologies, such as meltblowing and spunbonding available for the production of long-life nonwovens with micro-sized fibers. Large surface area fabrics are composed of extremely small fibers which have dimensions of 1 or 2 microns. Micro-fiber cleaning products have already made a huge impact in both the industrial and household cleaning markets. The value addition due to increased surface area is not limited to wipes but can be extended to include filtration, military and medical applications as well. This is because the larger surface area fabrics enhance properties related to insulation, fluid retention, drapeability and durability [9] [10] [11] [12] [13] [14] [15] [16] .
Well known manufacturing processes for producing nano and microfibers include electrospinning, spunbonding coupled with a fiber-splitting process, and meltblowing. While the electrospinning process can produce filaments in the diameter range of less than 100 nm, most meltblowing processes are limited to greater than 500 nm diameter fibers. Electrospinning process has been plagued with low productivity issues limiting its commercialization in applications requiring large quantities of fibers and this fact has been compounded by the fact that the fiber mats produced using this technique need a substrate to provide the necessary mechanical strength. Meltblowing on the other hand has limitations in the number of polymers that are compatible with the process and the webs produced from this process also lack mechanical strength [17] [18] [19] [20] . Meltblown process produces fibers that are also inherently weak limiting their applications and often requiring an additional nonwoven substrate for support.
This article focuses on another nonwoven manufacturing process called Spunbonding. The spunbond process produces fibrous articles with filaments. Typical fiber diameter is 10 -80 μm.
However, it has been demonstrated that by using a bicomponent spinning process, the size of fibers can be reduced to 0.3 μm [21] . Bicomponent extrusion technology uses two polymers to form filaments of different shape. 'Sheath and core', 'Segmented-pie', 'Islands-in-the-sea', Side-by-side' cross-sections are only a few well known examples [22] .
Bicomponent fibers provide significant flexibility in product design and functionalization. Sheath-core is probably the most widely used and the most wellknown bicomponent fiber configuration in use today. Here, the sheath provides functionality in the fiber.
Other fibers such as the segmented pie, segmented ribbon, tipped tri-lobal (when the tips do not wrap the core) and side by side configurations are referred to as splittable fibers. Splittables are fibers in which the two polymers share only one common interface and both polymer phases are also exposed. The core in the sheath core is not exposed. In the islands in the sea, similar to the sheath-core, the islands share a common interface with the sea polymer, but the islands are not exposed. Here, traditionally, the structure is formed and then the sea is removed by washing it away in an appropriate solvent. Islands in the sea fibers (typically 37 islands) are used in the production of suede fabrics. The process is often not environmentally responsible because of the solvents employed in the removal of the sea. The additional steps involved in the removal of the sea also increase the final cost of the product.
Evolon® is a commercially-available nonwoven product that uses the splittable Segmented-pie filaments composed of polyester and nylon to obtain a durable nonwoven fabric with micro-fibers [23] . Evolon® is produced today as a 16 segmented pie spunbond and the fibers are split and bonded mechanically by subjecting the web to high pressure hydroentangling. The jets split the segments of filaments, thus resulting in two different, polyester and nylon, filaments. This process is environmentally responsible and relatively cost effective and results in a micro-denier structure composed of fibers of about 2 microns in diameter (equivalent fiber diameter if the fibers were round). Polyester and nylon are known to have little to no affinity for each other and therefore, the interface between the two phases is relatively weak, making mechanical splitting possible.
The problem however, with the segmented pie structure is that the fibers are wedges and therefore, pack fairly tightly. Here, the challenge lies in balancing the level of consolidation with the mechanical properties (tear and tensile) of the fabric.
Higher consolidation results in improved tensile and pilling character but lowers tear properties because there is little or no mobility in the structure and fibers are broken individually when the tear propagates. Lower consolidation improves tear properties but results in lower tensile and pilling and abrasion resistance.
A 100 gram fabric may only have a tear strength of 6 to 10 Newtons and a tensile of about 250 N/5 cm [24] . This requires the structure to be reinforced with the addition of a scrim for applications requiring higher properties.
Fedorova and Pourdeyhimi [21, 25] studied the feasibility of 'Islands-in-the-Sea' (I/S) cross-sections in the filaments in producing high-strength fabrics after bonding the spunbond webs using mechanical (hydroentangling) or thermal (calendering) techniques. During this study, it was observed that some of the islands in the sea fibers were fractured and the fibrillation of the sea led to Evolon ® -like fabrics with much improved tear strength. When the sea phase is fibrillated and fractured, unlike other islands-in-the-sea examples, the sea remains in the structure -a much more cost effective and environmentally responsible process than chemically washing away the sea component. This paper deals with the production of 'modified Islands-in-the-Sea' filament cross-sections that can lend themselves to fracturing to produce micro-fiber webs that have considerably higher surface area compared to their conventional counterparts or higher strength depending on the type of bonding method and end-use application of the final product. The properties of 'modified Islands-in-the-Sea' (with varying number of islands) fibers and webs made from combinations of Nylon 6 and Polyethylene polymers along with different ratios of these polymers are also discussed.
EXPERIMENTAL Materials
Nonwoven webs were produced by utilizing the following polymers:
• 'Sea' polymer: Ultramid BS 700 nylon-6 (PA6) obtained from BASF has its melting point at 220 °C and a density of 1.14 g cm -3 ;
• 'Island' polymer: ASPUN 6811A Polyethylene (PE) by Dow Chemical Company melts at 125 °C and a density of 0.94 g cm -3 .
Fabric Formation
The I/S pre-consolidated spunbond webs were produced at the Nonwovens Cooperative Research Center (NCRC) Partners' Pilot facilities located at North Carolina State University. The typical crosssection of I/S fibers is shown in Figure 1 . It was observed earlier [25] that a polymer ratio of 75/25, 25% being assigned to 'Sea' polymer or PE, had the best tear properties. In this study, nonwoven webs were produced with filaments that contain 75% of PA6 and 25% of PE, with different island counts. Our control fabric is a 100% nylon fabric that is subjected to the same methods of bonding for comparison purposes. We use a slightly modified cross section (See Figure  2 ) such that the sea would form a sheath around the islands. As shown previously, this leads to better spinnability and also results in the islands solidifying first [26] . We believe that the PE phase goes through stress relaxation since it does not solidify as rapidly and remains fairly un-oriented perhaps facilitating the fibrillation process. This was discussed fully by Fedorova and Pourdeyhimi in earlier publications [21, 25] . Hydroentangling of all samples was performed on the Fleissner hydroentangling unit at the pilot facilities of the Nonwovens Cooperative Research Center (NCRC) [27] at a speed of 10 m/min using 5 manifolds with pressures ranging from 30 to 200 bar across the manifolds. The pre-consolidated nonwoven substrates were passed 2 to 4 times though the hydroentangling unit to examine the role of hydroentangling energy on fibrillating and bonding these structures. The schematic of the fabric flow is shown in Figure 3 . Note that the unit has three manifolds situated on the belt and two on the drum. Typically, the first manifold on the belt is dedicated to pre-wetting and pre-entangling of the web. and 200 bar respectively. The calculation of the hydroentangling energy transferred to the fabric is based on Bernoulli equation that ignores viscous losses throughout the system. Assuming that the manifold's pressure is P 1 , the jet velocity is:
Where is the density of water at room temperature, P 1 is the pressure in Pa, and V 1 is in m/s. Note that 1 bar is equal to 10 5 Pa.
The rate of energy transferred by waterjet is calculated as follows:
where d is diameter of the orifice capillary section in meter (0.127 mm in the system used), C d is the discharge coefficient, and E & is energy rate in J/s. Specific energy is calculated based on the following formula:
where M & is the mass flow rate of the fabric in Kg/s and is calculated as follows:
Therefore, SE will be obtained in Joules per kg of fabric.
Typically, as the energy increases, the tensile properties increase up to a point and then begin to decline somewhat. The tear properties are more sensitive to bonding and quickly decline after the structure has been consolidated. The forming surface is also important with respect to the bonding and fibrillation and splittability. This will be addressed in a subsequent paper as it requires careful treatment.
Testing Methods
The tensile properties such as breaking force and tear strength were determined according to ASTM D5034 and ASTM D 2261, respectively. Five specimens of each sample were tested in machine (MD) and crossmachine (CD) directions. All samples were conditioned at 65% ± 2% relative humidity and temperature of 21 ± 1 ºC prior to each test.
The surface properties and the fiber diameters were examined by using a Scanning Electron Microscopy (SEM). Scanning electron micrographs were obtained on a Hitachi S-3200N microscope. Before each measurement, the specimens were coated with a layer of AuPd using a Denton Vacuum Sputter Coater.
RESULTS AND DISCUSSION

Fracturing of I/S Filaments via Hydroentangling
The degree of fibrillation or fracture in bicomponent structure is quite difficult to quantify. Surface splitting can be established by examining highmagnification images. A measure of the physical properties would be the most accurate method to account for fibrillation in the current scenario.
In this paper, we will compare the fibrillated and non-fibrillated counterparts by examining the mechanical properties of the fabrics and also by using SEM images.
We show in Figure 4 , a sheath-core structure made up of the same polymers, PA6 core and PE sheath. Note that the hydroentangling process has resulted in fracturing and enwrapping the broken up sea polymer phase into the rest of the structure. This is the first time that such a phenomenon has been observed. This clearly demonstrates the fracture and break up of the sheath by mechanical force. Figure 5 shows the cross-section of the fibers in Islands-in-the-Sea fabric before fracturing. These fibers were consolidated by passing them through the calender, cold. Note that the mechanical pressure in the nip has already caused the fracture of some fibers. Figure 7 shows fully fractured topical view of the same fabric. It can be noted here that as the fibers are fully fractured (at least on the surface), the fibrils would tend to easily dislodge on the surface, giving a suede-like effect to the fabric. Figure 8 shows the fully fibrillated fabric after being calendered as well. Calendering tends to tie-down the fibers on the surface, and often improves the abrasion and mechanical properties of the fabric.
Physical Properties of I/S Nonwoven Fabric
The data reported are for fabrics with a basis weight of 150 g/m 2 . Our control fabrics for comparison purposes are 100% nylon spunbonded and bonded similar to our fabrics of interest and the published data on regular Evolon ® .
Role of Hydroentangling Energy on Performance
The results for the 100% nylon spunbond is shown in Figure 9 as a function of hydroentangling energy. Note that the tensile properties do not appear to change significantly beyond 10,250 kJ/kg. The strength peaks at 80 kg and about 50 kg for machine and cross directions respectively. However, the tear properties start to deteriorate at energies higher than 10,250 kJ/kg. This is partly due to the fact that fiber mobility is lost as the structure is further consolidated.
The results for one of our samples, 108 islands, Nylon/PE are shown in Figure 10 . Note that the properties seem to become stable at about 20,500 kJ/kg. Additional hydroentangling energy beyond what is shown in the figure resulted in significant deterioration of the mechanical properties of the fabrics. It is interesting to note that the 100% nylon fabric appears to require a lower amount of energy to reach peak performance. Note however, that the I/S fabrics are significantly more durable in terms of washing and resistance to un-entangling. This is partly due to the smaller fiber size and the higher degree of entanglement caused by fiber fibrillation.
Note also that the fibrillated fabric with 75%nylon and 25% PE possesses similar tensile properties to the 100% nylon structure, but the tear property is improved. Note that these are also significantly higher than the reported properties of Evolon ® . For example, the tear resistance of a 130g/m 2 Evolon ® fabric is 0.72 kg in the MD and 0.78 kg in the cross direction, whereas for a 170 g/m 2 fabric is 1.11 kg in the MD and 0.99 kg in CD. In comparison, a 150 g/m 2 108 Islands-in-the-Sea 75% Nylon/ 25% PE hydroentangled (at a Specific Energy of 20,524 kJ/kg) fabric has tear strength of 9.8 kg in MD and 10 kg in CD respectively.
In subsequent trials, we used 20,524 kJ/kg for entangling other Nylon/PE fabric combinations. Figure 11 shows the tensile and tear properties as a function of the island to sea polymer ratio. The current pack (Hills Inc.) utilized for producing the I/S structures allows the ratios to be adjusted easily between 25/75% and 75/25%. Clearly, as the percentage of nylon decreases, the tensile properties decrease as well. The load bearing component is obviously the nylon component and the properties decline with lower nylon content. Note also that the island fiber diameter also decreases as the island ratio decreases, as discussed by Fedorova and Pourdeyhimi [26, 27] . 
Role of Island-Sea Polymer Ratio
Role of Island Count on Performance
The properties as a function of island count as well as the bonding technology utilized are shown in Figures  12-13 . Figure 12 shows the results for hydroentangled fabrics.
It appears that tensile properties appear to be dependent on island count up to about 108 islands and start to decline somewhat at higher island counts. The tear properties remain unchanged however. The reduction in tensile properties is likely due to processing conditions leading to variations in the structure. We do not see a justifiable reason why tensile properties would increase and then decrease with island count. Previously, we have shown that island fiber properties do not change at higher island counts [21, 25] . Any significant changes therefore, may be due to structural variations, the degree of splitting and entanglement. Figure 13 shows the same fabrics after being subjected to thermal bonding following hydroentangling. It can be seen that tear properties increase in both machine and cross directions. We have observed that in highly entangled structures, the jet streaks formed on the fabric appear to have the lowest tear strength and consequently, the tear propagates along the jet streaks when the structure is tested in the machine direction (phenomenon discussed by Anantharamaiah et al., 2007) [28] . When the fabric is tested in the cross direction, the tear propagates and turns in the direction of the jet streak, causing failure along the machine direction. It is quite likely that the bond spots act as a rip stop and cause higher levels of energy absorption. In single component structures, we have noted that thermal bonding following hydroentangling causes a reduction in tear properties because of the lowered mobility of the fibers. 
CONCLUSIONS
It has been demonstrated that islands in the sea, sheath-core and "non-splittable" fibers can be fibrillated/fractured by mechanical force to deliver micro-denier and nano-denier fibers having tremendously high surface area. The methods for manufacturing such fabrics as well as methods of bonding the fibers were discussed. The mechanical properties as a function of process conditions, island count and polymer ratio were discussed. It is noted that these structures are many times stronger than current commercially available fabrics such as Evolon ® , but offer tenability in surface area. Compare to other islands in the sea structures, the methods discussed are far superior with respect to environmental impact. The sea remains in the structure and does not require removal by chemical means. 
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